INTRODUCTION
In July, August and September 1966 there was an epidemic of foot-and-mouth disease (FMD) due to type O 1 in Northumberland. A total of 289 cattle and 73 sheep were observed to have FMD in 32 outbreaks. In all, 5753 cattle, 38 448 sheep and 714 pigs were slaughtered in the course of eradication (Report on the Animal Health Services in Great Britain, 1966) .
Investigations into the 1967-8 epidemic of FMD showed that the disease could be spread by the airborne dispersal of the virus as well as by movement of animals, vehicles and people and feeding of infected meat and milk (Henderson, 1969; Smith & Hugh-Jones, 1969; Wright, 1969; Hugh-Jones & Wright, 1970; Sellers & Forman, 1973) . In these epidemics (Hampshire, 1967; Oswestry, 1967-8 and Worcester, 1967 ) FMD started in pigs, which have been found to be good emitters of the virus (Sellers & Parker, 1969) and hence favour the spread of the disease by the airborne route. However, in the Northumberland outbreak pigs were not directly affected and it is the object of this investigation to analyse the spread of the disease in the absence of strong emitters of the virus. 
Sources of information (a)
The files on each infected premises and the summaries, maps and plans prepared by the Animal Health Division of the Ministry of Agriculture, Fisheries and Food.
(b) The three-hourly weather records from Acklington and Seahouses, Northumberland ; Daily Weather Reports prepared by the British Meteorological Office and sea temperatures from the Marine Division of the Meteorological Office.
(c) Visits to the area and interviews with Divisional Veterinary Officers and Veterinary Officers and others concerned with the outbreaks.
Summary of the epidemic and its geographical location
This, adapted from the Report on the Animal Health Services in Great Britain (1966) , may be summarized as follows:
'The first case was reported on 18 July at a farm in Flotterton, a hamlet in Coquetdale (1) and during the next few days further cases were reported on three other farms in Otterburn parish (2), Yetlington hamlet (3) and Harbottle parish (4), which belonged to the farmer or his brother-in-law. Eighteen further outbreaks occurred in Coquetdale, the last being confirmed on 27 August. One further outbreak (17) was confirmed in the Otterburn area on 2 August, but there was no spread from the case at Harbottle. On 9 August the disease was found on a farm the disease was notified promptly were examined first, and the range of incubation periods found was used to establish the time of appearance of lesions on farms where disease was reported late or where spread had occurred over a long distance. In general, winds occurring less than 4 days or more than 14 days before an outbreak were disregarded.
There were nine farms in which movement of cattle, sheep, people and vehicles were involved (Table 2) . These are described according to the likelihood of being involved in spread of disease.
Acklington lies 20 km approximately to the east of the initial outbreak and Seahouses 37 km approximately to the northeast. Although Seahouses is a substantial distance from the primary outbreak it is only a few kilometres from the outbreaks south of Bamburgh. In the subsequent analysis these distances and small-scale effects, for example modification to the weather by topography and sea breezes, have been taken into account. 
Origin and initial infection
The origin of the FMD virus (type O 2 ) was not established at the time of the epidemic, but the most likely source was infected meat or offal from overseas, with which cattle on farm 1 had come into contact. There was movement of stock between farms 1, 2, 3 and 4, and some of these animals were infected at the time of movement; thus at the time of confirmation of foot-and-mouth disease on 21 July there were infected cattle and sheep on these four farms. It seems likely that disease was present on farm 1 on 11 July (Report, 1966) . Table 2 
. Movement of animals, vehicles or people in the areas
Farm 2*** Cattle from farm 1,12 July (disease interval ^ 9 days) 3*** Cattle from farm 1, 16 July (disease interval ^ 5 days) 4*** Cattle from farm 1, 15 July (disease interval ^ 6 days) 11** Person visit to farm 1, 22 July (disease interval 6 days) 16* Person lived at farm 7 until 25 July (disease interval 8 days) 18*
Person from farm 7 visited on 22 July (disease interval 13 days) 19*
Person went daily to farm 3 until 21 July (disease interval 19 days) 24** Lambs collected on lorry which had just visited farm 20, 4 August (disease interval < 13 days) 32* Owner farm 31 visited on 1 September (disease interval 4 days) *** Most likely reason for spread. ** Possible reason for spread. * Unlikely reason for spread.
Subsequent spread
The farms involved in the epidemic can be assigned to six areas: (i) the outbreak at 1 and the neighbouring farms 5, 6, 8, 9, 10, 11, 12 (18 July to 29 July) (Flotterton area);
(ii) the outbreak at 3 and the farms 7, 13, 14, 15, 16, 18, 19, 22, 23, 25, 27 (21 July to 27 August) (Yetlington area); (iii) farms 2 and 17 (21 July to 2 August) (Otterburn area); (iv) farm 4 (22 July) (Harbottle); (v) the spread to farm 20 and the outbreaks on farms 24, 26, 28, 29, 30, 31, 32 (9 August to 5 September) (Chathill and coastal area);
(vi) the spread to farm 21 (10 August) (Felton area).
Outbreaks in the Otterburn and Harbottle areas
Farm 2 gave rise only to the outbreak at farm 17 after an incubation period of 11 days. Winds from the north would account for the spread, but further spread was unlikely as around farm 2 18 cattle, 1579 sheep and 2 pigs and around farm 17 260 cattle, 4080 sheep and 4 pigs were slaughtered as direct contacts. In addition, the land suitable for cattle in the valley was limited. There was no spread from 4, as the animals from this farm were spread over the valley and all were slaughtered. At the time of the height of infection the winds were from the north or west and were blowing the virus into high ground above the valley. Table 3 shows the days when winds could have carried infection from farm 1 to the others in the group together with the suggested incubation periods. FMD at farm 11 could also have come through movement (Table 2) . No winds were recorded as available for the carriage of virus to farm 6, but the animals were in the next field to diseased animals on farm 1. All the farms in the area apart from one were affected. The disease did not spread into West Coquetdale beyond farms134 R. F. SELLERS AND J. GLOSTER 7-10 9-10 9-10 7-8 12 west, north or northeast; east or southeast winds were not seen until 2 August, by which time FMD had been eliminated from the area. Table 4 shows the days when winds could have carried the virus from farm 3 to others in the area, as well as the sources for subsequent outbreaks. In 5 of the outbreaks around farm 3 (7, 14, 15, 22, and 23) FMD was reported late and the dates of earliest lesions are based on descriptions of lesions given. No wind could be found to carry disease from farm 3 to farm 7, but the infected animals in farm 7 were in a field across the road from farm 3. On farm 15, the sheep became infected before 22 July, and passed the disease to others in the flock and to cattle on farm 16 in the neighbouring field; however, disease was recognized on farms 15 and 16 only on successive days. The longest incubation period was 12 days, which represented the furthest distance of spread and the last outbreak reported in the area. In the control of FMD many of the animals in neighbouring farms were slaughtered as direct contacts. No further spread occurred for this reason and for the further reason that at the time of virus excretion the winds were from the north or west and would have blown the airborne virus into areas that had previously been infected.
Spread around farm 1

Spread around farm 3
Spread to farms 20 and 21 from farms around 1 and 3
Perhaps one of the most interesting aspects of this epidemic is the way in which the virus spread to both farms 20 and 21, bypassing susceptible stock on its way. No vehicle or human movement could be found to cause the spread of the virus. The cattle and sheep with FMD on farm 20 were grazing in a field beside the main road (Al) and there is the possibility that they could have become infected from contact with people or discarded food wrappings coming from the infected area. On farm 21, the cattle were in a field which lay 2 km from the Al road and was not easily entered. The only other possibility, other than by the airborne route, is carriage of the virus on sea birds. Sea birds live on the Fame Islands and fly inland to feed on fields around farms. Successful infection from this route depends on the birds carrying high-titre virus on themselves and settling on fields where cattle or sheep graze. This is a possible but less likely method of spread (Sellers, 1971) ; farm 21 is not on the direct route between the Coquetdale and the Fame Islands.
The lesions on both farms were old and more than one cycle of infection had occurred. If 3-6 days is accepted as the within-farm incubation period (Sellers & Forman, 1973 ) and 6-13 days as the between-farm incubation period for farms some distance apart, virus could have reached the farms 9-19 days previously, i.e. farm 20, 21-31 July and farm 21, 22 July-1 August.
The estimated excretion of FMD virus around farms 1 and 3 is given in Table 5 .
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Maximum amounts around farm 1 occurred on 21-22 July and 25-26 July and around farm 3 on 22 July, 25 July and 30 July. Two periods can be considered for the spread to farm 20; 22-25 July and 27-29 July. During both periods frontal systems with the required wind direction passed over the area. Although less virus was produced during the second period the meteorological conditions were slightly more favourable. During 28 July the wind was from the southwest, and this was associated with low cloud and frontal precipitation. The cloud base at Acklington and Seahouses was down to just over 1000 ft and may have been lower over the hillside next to farm 20. It is possible that the virus was blown to the area around farm 20 where it became part of the clouds, as the air was forced over the hill and fell as rain; alternatively the virus could have been washed out by precipitation. A further possibility is that the virus remained in the aerosol form until it reached farm 20.
The sources of virus for the spread on 28 July were farms 14 and 15; these farms were also probable sources for farms 18 and 19 on the same day (Tables 4 and 5 ). Thus on a line northeast (downwind) of farms 14 and 15 the situation on 28 July was as follows: animals on farms 3 and 7 already slaughtered and disposed of; farm 13 already infected (lesions on 29 July); infection being carried to farms 18 and 19; a gap of 18 km over land containing susceptible stock and infection being carried to farm 20.
Farm 21 could have become infected during the periods 22-24 July, 25 July, 31 July and 4 August. The first period is just possible but the second appears more likely as the winds were blowing from the west for part of the day. The aerosol would have been funnelled through the River Coquet gap. During that day there were several occasions when showers were observed in the Acklington area and one of these could have caused the outbreak at farm 21. The virus could have reached the ground either in the precipitation or as an aerosol in the air currents surrounding the showers.
It is just possible that the virus emitted from farms 14 and 15 was the cause of the outbreak at farm 21 on 31 July, but the route taken by the virus would have 20, 23, 24, 31 (6) been complicated. A final possibility is that farm 18 could have been the source on 4 August, but this may be ruled out, as only one cattle beast had lesions on farm 18 and in addition the lesions at farm 21 were two generations old. Table 6 shows the possible days for airborne spread of the virus around farm 20. In farms 20, 24 and 31 the disease was reported late. The lorry which visited farm 24 after farm 20 on 4 August, also went north to Berwick, but there were no outbreaks in that area. The presence of a wood around the affected animals of farm 24 may have influenced the subsequent spread. However, without a detailed knowledge of the structure of the wood and the exact windflow pattern in and around the wood, it is impossible to determine accurately the effect of the wood in the spread of the virus.
Spread around farm, 20
There was contact between the affected animals on farm 24 and the sheep and cattle in a field on farm 31 on the other side of the wood, and these sheep and cattle were slaughtered as direct contacts. In the field next to the direct contacts were the animals on farm 31 which developed foot-and-mouth disease. These animals could have been infected either from direct contact on the same farm or by the airborne route from farm 24. As the disease was older than 48 h the animals on farm 31 could have been the sources of the virus for farm 30, which was in the next field across the railway line, and also for farm 32.
Further spread in the area did not occur, probably because too few animals were affected and the winds would have blown any airborne virus into areas which had previously had the disease.
Lack of spread around farm 21
There was no spread from farm 21 although the disease was probably in the animals by 7 August at the latest. From 6 to 10 August winds blew from the west and northwest and from the east and southeast. It is not apparent why other animals in the area did not catch the disease from this source.
Role of sheep in spread of disease
Although there are many sheep in the area a very small percentage compared with cattle was described as having lesions of FMD. This can probably be ascribed to the difficulty of seeing the lesions; however, in the absence of lesions, infected 138 R. F. SELLERS A N D J. GLOSTER sheep can excrete airborne virus (Sellers & Parker, 1969; Donaldson et al. 1970) , which could be inhaled by cattle in the same or neighbouring fields. In table 7 it can be seen that where lesions older than 48 h were reported, cattle, sheep and both cattle and sheep were found to have them, but where early lesions were reported only cattle were affected. This emphasizes the difficulty of seeing the lesions in sheep, and often FMD is not recognized until cattle have the disease. On one farm (31) lesions older than 48 h were found in sheep and early lesions were found in cattle; it is likely that the sheep passed the disease to the cattle. This may also have happened with the other five farms in this group. In the one outbreak where sheep alone were found to have lesions (farm 15) it is suggested that the virus was passed to cattle on the neighbouring farm (16).
Lack of spread by milk or milk transport
The area affected was not a milk-producing area and only farms 14 and 21 of those having the disease produced milk. At farm 14 bullocks in a field had FMD, milk was collected in churns at the roadside and no further outbreaks occurred on the route. At farm 21 the non-milking herd was affected and the animals were grazing in a field away from the farm buildings.
A retail milk round delivering bottled milk visited 24 farms including farms 20, 24, 29 and 31, but no correlation could be made between the order of visiting and outbreaks of disease.
DISCUSSION
This analysis of the spread of FMD in Northumberland involved the use of data on the movement of animals, people and vehicles and on wind direction. In this way causes of spread could be ascribed in most outbreaks (Table 8 ). In five outbreaks (farms 6, 7, 16, 30, 31 ) the animals were in the next field to either infected animals or direct contacts. In two of these outbreaks (farms 6 and 7) no source of infection by wind could be traced, but over small distances it is impossible to determine from three-hourly wind observations whether virus from infected animals could be passed to susceptible animals; it would only have required a change in wind direction for a short period to cause infection.
Correlation of spread with time of rain was not found, and this is similar to that suggested by Smith & Hugh-Jones (1969) for this epidemic. Similarly there did not appear to be a clear correlation between speed and spread of the disease as suggested for the 1967-8 epidemic and for the Hampshire epidemic (Tinline, 1969; Sellers & Forman, 1973) . However, with a speed of 6 knots the longest distance found in the epidemic (20 km) would be covered in 2 h.
Analysis of the interval between outbreaks indicated that the incubation period between farms where airborne spread probably occurred lay between 4 and 13 days, and for 56 % of outbreaks between 6 and 8 days. The longest incubation period was found where the distance between farms in the areas around farms 3 and 20 Avas the greatest.
The outbreaks did not occur on the moorland areas where livestock density was low, but on the farms in the valleys or coastal plain. Where spread was ascribed F. M.D. in Northumberland, 1966 to the airborne route, it was apparent that farms with large numbers of animals were affected and smallholdings escaped infection. In a number of outbreaks lesions older than 48 h were found in cattle and sheep present on the same farm. The delay in observing lesions was probably due to the difficulty of recognizing lesions in sheep, and this emphasizes the role of cattle in acting as indicators of the disease (Sellers & Parker, 1969) . In addition sheep have been found to excrete virus during the incubation period before lesions are observed, and this may have increased the amount of airborne virus released from some farms.
Although cattle and sheep emit, as an aerosol, 30-to a 1000-fold less FMD virus than pigs, there was still a significant quantity of virus at 20 km to cause 140 R. F. SELLERS AND J. GLOSTER infection of the sheep on one farm. However, the concentration of virus at this distance favours inhalation rather than ingestion as the route of infection for the sheep and cattle. Given a dose of one infectious unit of virus per minute, an animal would receive a sufficient dose in 100 min by the respiratory route but would need 69 days by ingestion. Any virus deposited by precipitation would be made more effective as a result of splashing (Gregory, 1971 ) and subsequent inhalation.
